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ABSTRACT 



Light from a neodymium glass laser was focused in hydrogen gas 

at pressures from 20 mTorrs to 9. 16 atm in order to produce optical 

breakdown. The forward scattered light from the breakdown region 

was spectrally analyzed with a grating spectrograph from 10, 300 to 
o 

10, 900 A. It was found that the spectral distributions exhibited no 

distinguishable frequency shift. However, the absorption of the laser 

light depended on frequency and gas pressure. The time dependence 

of the onset of absorption was determined by comparing the cell beam 

with a beam- splitted reference beam that bypassed the pressure cell. 

o 

The light scattered at an angle of 90 was photographed with a high 

speed image converter camera in the framing mode. This revealed 

\ 

evidence of self-focusing during the time the laser light was on. The 
plasma parameters were calculated from the kinetic theory of ideal 
gases and the theoryof ionized gases, assuming complete ionization. 
The results of this study were compared to results published in the 
current literature. Agreement was good, especially in the case of 
s elf- focusing. 
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I. INTRODUCTION 



The creation of a hot dense plasma by means of a giant pulse 
laser is of prime interest to the field of plasma physics. Nuclear 
fusion occurs and nuclear energy is released if a deuterium plasma 
is heated to a sufficiently high temperature. Laser heating of the 
plasma can eventually produce the high temperatures needed in this 
process. The conductivity of a plasma increases with temperature, 
and if the plasma density is high enough a large fraction of the energy 
in the laser beam may be reflected. However, the resitivity of the 
plasma may increase greatly by an instability in the plasma. A laser 
pulse of sufficient intensity may cause instability in the plasma leading 
to enhanced absorption, and heat the plasma turbulently to higher 
temperatures than could be attained by the classical absorption process 
of electron-ion collisions. 

A hot dense plasma can be produced by focusing a pulse from 
a Q-switched laser onto a solid target. The density and temperature 
gradients in this plasma cover the entire range of conditions from an 
underdense to an overdense plasma. It is obviously difficult to inves- 
tigate the processes of absorption and scattering in a controlled fashion 
in this system. This problem can be overcome, however, by using 
laser breakdown of a hydrogen gas in a pressure cell to produce the 
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plasma. Thus the plasma density can be controlled by the background 
pressure selected. 

The purpose of this study was to measure the absorption and 

the spectral distribution of the forward scattered light of the laser 

produced hydrogen plasma under pressures from 2o millitorrs to ten 

atmospheres. It was intended originally to find satellite structures 

outside the main spectral band of the laser light. These secondary 

maxima which have been reported for the case of solid deuterium 

targets as a consequence of the soliton theory by M. Decroisette et 

alii [Ref. l] could not be found, even though the search for these 

o 

expected phenomena was extended over a range of 300 Angstroms 
about the central laser line. It was therefore decided to examine 
more closely the absorption characteristics of the plasma at different 
wavelengths in the laser spectrum. This was augmented by the study 
of the breakdown and generation of the plasma by means of high speed 
photography. The image converter camera used for this purpose 
revealed the structure of the plasma during the time the laser pulse 
was on. This led to the discovery of a self-focusing effect in the 
plasma which may increase the absorption rate above the classical 
limits by nonlinear effects. 

A giant pulse neodymium laser was used to create a hydrogen 
plasme inside a pressure cell. The forward scattered light was 
analyzed by a grating spectrograph equipped with a properly biased 
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semiconductor photodiode. In order to avoid damage to the image 
converter high-speed camera only the light scattered at an angle of 
90 degrees was used for photographic analysis. 

The upper limits of the plasma parameters, density and tem- 
perature, were estimated by using the kinetic theory of ideal gases 
and the basic theory of ionized gases slightly modified for the pertinent 
conditions of this study. This gave values for the plasma density and 
temperature which were comparable to data published in the current 
literature. Emphasis in this study was put on the pressure range for 
which laser induced gas breakdown occurred. Thus both high speed 
photography and spectral analysis were used to analyze the laser 
created plasma over a wide pressure range. 
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II. THEORY 



The density of the hydrogen gas used in this study can be derived 
from the laws of the kinetic theory of an ideal gas. The fundamental 
equation is the ideal gas law given by 

(1) P V = ti R T 

2 

where p means the pressure of the gas, measured in N/m , V the 

3 

volume measured in m , rj the number of moles in a bounded volume, 
R the ideal gas constant, and T the temperature in degrees Kelvin. 
Using 

(2) H R / V = n k 

-3 

where n is the number density in m , and k is the Boltzmann 
constant, this equation can be rewritten as 

(3) p = n k T. 

o 

At room temperature (288 Kelvin) there are thus 

(4) -n = 2, 52 x 10^ p 

molecules in the hydrogen gas. Since each molecule contains two 

protons and two electrons the fully ionized plasma would contain 

2 n electrons and 2 n protons. Assuming a pressure of three 

5 2 

atmospheres which is equivalent to 3. 04 x 10 N/m there are 
26 

1.53 x 10 electrons in one cubic meter. 

The interaction between the laser light and the hydrogen gas 
takes place in the focal volume. This focal volume is calculated 



7 



from the focal spot diameter and the interaction length. The focal 
spot diameter is given by [Ref. 2] 

(5) d = f 6 

where f is the focal length of the lens used and 0 is the laser beam 

divergence. Substituting the published beam divergence of 1. 7 x 10 

radians and the measured focal length of 0. 053 m, d is obtained as 
-5 

9.01 x 10 m. The interaction length can be estimated by using 
the formula for the depth of focus which is the axial distance over 
which the focal spot diameter is very nearly constant. From Ref. 3 
this length is 

2 

(6) 1=4?. (f/A) 

where A, is the wavelength of the laser, f is the focal length of 

the lens and A is the entrance spectral diameter of the optical 

system. Setting A equal to the laser beam diameter of 0. 75 inches 

-5 

the n focal spot length” is 3.26 x 10 m. This value, however, is 

very small compared to the length of the plasma column photographed 

-3 

and measured in the experiment to be about 3 x 10 m. Thus the 

interaction length was assumed to be about a hundred times larger, 

- 3 

closer to 3 x 10 m. This implies a laser heated volume of 
-11 3 

1. 91 x 10 m . This agrees with data published in the current 
literature [Ref. 4]. 

15 

This initial plasma volume contains 2 . 92 x 10 electrons and 
15 

2. 92 x 10 protons at a pressure of three atmospheres. Assuming 
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absorption of a typical laser pulse of six joules this results in an 

11 3 

energy density of 3. 14 x 10 J / m . Every electron or proton 

- 15 

could thus receive 1. 03 x 10 joules which is equivalent to 6. 41 x 
3 

10 eV. This estimated value, however, may be one or two orders 
of magnitude too high, since the plasma starts to expand and heats 
the background gas while the laser pulse is still om 

The current literature reports values from ten to 100 eV for 
a plasma produced by laser breakdown of a gas. N. Ahmad and 
M. H. Key [Ref. 5] used the soft X-ray flux from the laser plasma, 
created by absorption of the laser radiation by metal foils of different 
thickness. They observed a systematic relationship between laser 
power and plasma temperature. For air at one atmosphere pressure 
they found plasma temperatures of 40 to 50 eV when they used 
a ruby laser of 200 megawatts power. P. de Montgolfier [Ref. 6] 
calculated an equilibrium temperature for helium at a pressure of 
1700 torrs of 10 eV when the laser power is 830 megawatts. 
However, these values have to be interpreted carefully for the purpose 
of this study. For hydrogen R. I. Soloukhin and Yu. A. Yacobi [Ref. 7] 
have calculated hydrogen absorption coefficients in dependence on 
plasma density and temperatures up to about 15 eV. 

It seems therefore reasonable for the purpose of this study to 
assume an electron temperature of 100 electronvolt. It should be 
noted, however, that reflection of the incident laser light cannot be 
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of great importance in this process, because in the range of tu > o 
there is not much reflection to be expected. Thus scattering and 
collisional transfer of energy to the background gas are believed to be 
the cause of the discrepancy between the available energy and the 
estimated electron temperature. 

Another important parameter is the power density at the focus 
of the lens. It is given by [Ref. 2] 

(7) F = P / A 

where P is the laser power and A is the crossectional area of the 

focal spot. Using the typical laser pulse of six joules with a halfwidth 

/ “9 2 

time of 25 nanoseconds and A = 6. 38 x 10 m the power density 
is calculated to be 3. 76 x 10 watts per square meter. This value 
is sufficient to produce breakdown in the focal volume as can be seen 
from the high electric field intensity that is associated with it. 

The energy density in an electromagnetic wave is given by 

2 

E / 8 7T . If this energy density travels through space an energy 

density flux is created. In the case of an electromagnetic wave this 

velocity is the velocity of light, c . Since the refractive index, 

which is determined by the ratio of the speeds of light in vacuum and 

in matter, for hydrogen gas is very close to unity the energy density 

2 

flux is given by E c / 8 n . This energy density flux can be 
equated to the power density at the focal crossectional area. This 
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yields an electric field intensity of 



(8) E = V 8 7 t F / c 

7 

From the proper cgs units E is evaluated to be 5. 32 x 10 volts 
per centimeter for the typical laser pulse of six joules. This value 
is in agreement with data published in the current literature [Ref. 2]. 

This high electric field of the laser beam interacts with the 
free electrons in the hydrogen gas forcing them to oscillate and 
exchange energy with other electrons and protons by the inverse 
Brems strahlung mechanism. 

The absorption of the laser light can be described by Lambert’s 
law. Energy is absorbed over a distance L by a plasma according 
to the equation 



(9) 



W = W ( 1 

o 



e - KL ) 



where W is the laser energy, K is the absorption coefficient and L 
o 

is the interaction length. The classical coefficient for absorption due 
to electron-ion collisions is [Ref. 8] 

*2 6 2 3/2221/2 

(10) K = 8ttZ n n. e lnA( v )/ 3c v (2 m kT) (1-v/v ) 

e i e P 

When the plasma frequency is close to the laser frequency the classical 

absorption length L = 1 / K is according to Kaw et alii [Ref. 9] 

18 3/2 

(11) L = 5 x 10 T /n micrometer 

e 

-3 

where T is measured in electronvolt and n in cm . Assuming 



an electron temperature of 100 eV and an electron density of 
20 “3 

1. 53 x 10 cm the absorption length is 32. 7 /( m. This is the 
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same length that was obtained earlier for the focal spot length from 

equation (6). From camera measurements, however, a total length of 

the plasma column a hundred times larger was found. 

When v is larger than v the absorption coefficient for 
L p 

the neodymium laser is given by [Ref. 10] 

-41 2 . 3/2 

(12) K = 1. 5 x 10 n / T 

e 

-3 

if n is measured in cm and T in keV . For a pressure of 
e r 

three atmospheres and an electron temperature of 100 eV K is 

-1 

calculated to be 11. 1 cm . If the interaction length is assumed 
to be 0. 3 cm from camera measurements the exponent in equation (9) 
becomes 3. 33 and thus 96.4% of the energy is absorbed in the plasma. 
This value is consistent with the observed results in this study and in 
a previous work done by Jim Carlisle [Ref. 11]. However, a change by 
a factor of ten in the electron temperature to a value of 1 keV 
produces a large variation in the amount of energy absorbed. In this 
case only 10% of the energy would be absorbed. If an electron tem- 
perature of only 10 eV is assumed KL is calculated to be 105. 3 
and an absorption of about 100% is achieved; These calculations 
indicate the basic necessity for a detailed knowledge of the actual 
electron density and electron temperature. If these quantities were 
known the absorption length could be checked by the observed percent- 
age of absorption. 
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A comparison of these calculated values with figure 3 shows 

that at three atmospheres the measured absorption is 70% for the 

o 

central laser line and higher at the sides, 93% for 10, 658 A and 

o 

83% for 10,616 A . The same result was observed at several 
pressures. This indicates that the sample calculation of the absorption 
rate carried out above is only an estimate of the actual conditions. It 
can be said, however, that the electron temperature seems to be in 
the vicinity of 100 eV . An explanation of the different values of 
absorption at these different frequencies has still to be found. 

As indicated before, a possible explanation could lie in the 
presence of instabilities in the plasma. This could cause a greater 
resistivity of the plasma and thus an enhancement of absorption due to 
moderate ion density fluctuations. In a paper by I. J. Spalding [Ref. 12] 
several mechanisms are mentioned that can indeed increase the resist- 
ivity of the plasma. For the region of interest in this study, however, 
only a parametric instability discussed by Dubois and Goldman [Ref. 13] 
is of importance. 

If the plasma frequency given by 

2 2 , 

(13) co = n e / m € 

p e e o 

where e is the electronic charge, m the electron mass, and e 

e o 

the permittivity of free space, is close to the laser frequency a 

threshold power density for onset of parametric instability of 

>> -10 

(14) P__ >10 n T 

DU e 
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is necessary. For the estimated values of n and T (1.53 x 10 

- 'i 12 2 

cm and 100 eV ) P is calculated to be 1. 53 x 10 W / cm 

DG 

This power density can indeed be reached with the typical six joules 
pulse. 

Self-focusing effects in a hot dense plasma increase the power 
density immensely. These self-focusing phenomena have been observed 
by a multitude of authors. A. J. Alcock [Ref. 14] discusses the possible 
mechanisms and the experimental evidence obtained so far. He found 
that in hydrogen and other gases a beadlike breakdown structure was 
obtained when the laser power was slightly above threshold power for 
breakdown. A summary of Alcock’s findings is given below. 

He found that forlc-like scattering regions could be observed as 
the laser intensity was increased. The transverse dimension of the 
scattering region for the laser light was found to be at least an order 
of magnitude smaller than the focal spot diameter of 50 micrometer. 
The forward scattered light from an air spark at atmospheric pressure 
emerged into a well defined cone having an included angle of about 
thirty degrees. It could also be shown that the forward scattered 
light was produced at the instant of breakdown, i. e. the time at which 
the transmission of the nonscattered light decreased sharply. The 
polarization of the forward scattered light was the same as that of the 
incident laser light and it was coherent. High resolution Schlieren 
photographs revealed filamentary regions with a high index of refraction. 
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These filaments had a diameter less than ten micrometer and were 
running between blobs of plasma separated by several hundred 
micrometers. By interferometric techniques these filaments could 
be shown as extremely narrow channels of high density plasma. 

Although many of the described experimental results indicate 
the presence of self-focusing effects, little is known about the actual 
physical process involved. Since all of the experimental evidence 
obtained so far applies to laser induced breakdown, self-focusing 
could occur during one or more stages of spark formation: 

a) immediately prior to breakdown in the neutral gas 

b) during the cascade ionization process 

c) after a high density plasma has been formed. 

During each of these stages it is possible to identify non-linear 
processes capable of producing refractive index changes of the 
appropriate sign. Thus in case a) either electrostriction or the 
electrooptical Kerr effect could provide the required nonlinearity. If 
the threshold powers are of the order of tens of megawatts electro- 
striction is most important and if they are in the gigawatt range the 
Kerr effect is dominant. For relatively low power levels electro- 
striction has been observed to cause self-focusing in a transparent 
medium. Kerr indicates in his paper [Ref. 15] that a computer simula- 
tion of the self- focusing effect in glass shows an extremely rapid 
upstream motion of the focal points while the diameter of the beam 
collapses to a relatively constant radius. 
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The elect restrictive force in a homogeneous medium tends to 
draw the material into the region of a high electric field. The electric 
field in turn induces dipoles in the medium which will experience a 
force proportional to the gradient of the square of the electric field, 
that is to the gradient of the intensity. The greatest magnitude of 
force is found at half- width, i. e. at the edge of the beam. This 
causes a maximal compression on the axis. Thus a laser pulse of 
threshold power for electros triction can create its own waveguide. 
Pulses of higher power show self-focusing. The strong electric field 
of the laser beam exerts an electrostrictive force on the material 
through which the beam passes. The force drives a sound wave. As 
this sound wave develops it alters the index of refraction. This in 
turn changes the trajectory of the beam and modifies the electro- 
strictive force. 

In the model for self-focusing during cascade ionization processes 
the neutral gas is replaced by a mixture of electrons, ions, and neutral 
atoms in different stages of excitation after the cascade ionization 
process has begun. Since the absolute polarizability of excited atoms 
exceeds that of unexcited or ionized atoms the defocusing effect of the 
free electrons due to a reduction of refractive index with higher 
electron density at the center might be cancelled and a net self- focusing 
effect results. But in this case there is not enough experimental 
evidence obtained so far to confirm this model. Also the hydrogen 
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plasma will probably be fully ionized within a short time after onset 
of breakdown. 

Then the possibility of self-focusing in the resulting plasma 

(stage c) must be considered. The existence of numerous nonlinear 

plasma effects is well known. The lateral decrease of the laser beam 

intensity causes a ponder omotive force f which can be separated 

P 

into two terms. The linear term is the thermokinetic force f^ and 
the nonlinear term is the nonlinear force f^^ due to the quadratic 
terms of the electromagnetic field components. H. Hora has shown 
in his paper [Ref. 1 6 ] that this nonlinear force can be written as 
(15) 



2 2 2 2 

f = E CD / 1 6 77 " CD n . d n / b r 

NL p r r 



where n is the complex index of refraction. When absorption of the 
laser light by the plasma takes place, f exceeds the thermokinetic 
force and a rarefaction of the plasma about the beam axis occurs. 
Since the index of refraction of a plasma is given by [Ref. 17] 



( 16 ) 



n r = 1 



14 , 2 

4. 5 x 10 A n 



where \ is the wavelength of the laser in cm and n g is the 

-3 

electron density in cm , n^ increases with n decreasing. 

Thus the rarefaction of the plasma provides the right increase of the 
index of refraction to allow total internal reflection of the laser beam 



and self-focusing occurs. 
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III. EXPERIMENTAL PROCEDURE 



A Korad Model K-1500 neodymium laser system was used 
throughout the study. This system has the following characteristics: 
Energy 3 to 9 Joules 

Pulse width 22 to 28 nanoseconds 



Peak power 
Wavelength 
Beam diameter 



200 to 350 Megawatts 
1. 06 micrometers 
0.75 inch 



A pressure cell which had been constructed by Jim Carlisle in a 

previous work was used to contain hydrogen gas at pressures from 

20 millitorrs to ten atmospheres. This cell had a center cavity 

3 



volume of approximately 12 inch . It was outfitted with two inch 
diameter entrance and exit windows and two by three inch side windows. 
All windows were of Pyrex 7913 tempered glass which has a 91% trans- 
mission at the laser 'wavelength. The top opening was used for the gas 
supply plumbing and the bottom was closed by a brass plate containing 
tungsten wires which were used to focus the high speed camera looking 
through the side window. A forepump was used to evacuate the whole 
system and to lower the gas pressure below one atmosphere. Nitrogen 
gas was used before and after each experimental run to purge the 
whole system in order to insure a safe operation. 
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The laser beam was focused at the center of the cell with a 5.3 
cm focal length doubly convex lens mounted behind the entrance 

window of the cell. The same type of lens was used in a similar 

fashion at the exit window to focus the diverging forward scattered 
light to the entrance slit of a grating spectrometer constructed in 
1968 by George Orlicki. This grating spectrometer had a grating 



constant of 8340 A and allowed the measurement of wavelengths up 
o 



to 16,471.5 A in first order diffraction. In order to get a reference 
pulse for each laser shot a 4% beamsplitter was mounted ahead of 

the cell so that a system of two plane mirrors in the optical plane of 
the system, ten meters apart, could provide a delay of 87 nanoseconds 
(Fig. 1). The last reflection off mirror 2 was focused on the entrance 
slit of the spectrometer by a cylindrical lens of 1 meter focal 

length. Due to the alignment of the cell and the spectrometer the 
exit beam from the cell and the reference beam from the mirror 
system had to be reflected by beamsplitters and B^ at an angle of 
about 45 degrees to the light path to insure normal incidence on the 
entrance slit of the spectrometer. 

The spectrometer had entrance and exit slits of 300 micrometers 

o 



width which allowed a spectral discrimination of 0. 1 A in the visible 
region. The grating inside the spectrometer was moveable by a lever 
arm sliding along a screwed thread to allow for the selection of the 
wavelength region of interest. The screwed threat was attached to a 
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digital counter which simplified the setting of the desired wavelength. 
The calibration of the spectrometer was obtained by observing the 
prominent lines of a mercury arc lamp which in second order diffrac- 
tion encompasses the spectral region of interest in this study, 10, 300 
o 

to 10, 900 A. Multiple checks at different orders of diffraction showed 
that the digital counter reading was directly proportional to the wave- 
length selected. Thus a daily check of the mercury green spectral 
line in second order diffraction was considered to be sufficient for 
the compensation of the play in the mechanical parts. The intensity 
of the cell beam and the reference beam were displayed on a Tektronix 
7904 using a UDT PIN 10 photodiode as a detector. This photodiode 
was biased to provide a rise time of five nanoseconds which seemed 
to be sufficient for the monitoring of the intensities of both beams at 
the predialed wavelength setting. 

The energy in each laser pulse was determined by a laser pulse 
monitor which consisted of a 4% beamsplitter that sent a sample 
of the laser pulse via a magnesium oxide diffuser block to the Korad 
K-Dl detector. This detector had an internal integrating circuit 
whose output was displayed on a Tektronix 564B storage scope. The 
calibration of this arrangement was carried out by Leslie McKee in a 
previous work, and his calibration chart was utilized throughout the 
study. The same K~D1 photodiode was also used to trigger the 
Tektronix oscilloscope and to obtain the laser pulse profile every 
morning to check for the performance of the neodymium glass laser. 
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The high speed image converter camera IMACON 600 was used 
to obtain sequential pictures of the developing plasma in the focal 
region of the cell. It was equipped with an Eas tman-Kodak Aero-Ektar 
f:2. 5 optical system of 178 mm focal length which allowed an approxi- 
mate magnification of 1:2. The camera was focused on the nine ver- 
tically erect tungsten wires which were mounted in the direction of 
the laser beam with five millimeters spacing. These pins were of 
different lengths to simplify the identification of the region in the 
cell viewed by the camera. The center pin was the highest and placed 
approximately 2.5 mm below the center of the cell such that it still 
could be seen in the picture but was sufficiently away from the develop- 
ing hydrogen plasma as not to interfere with the plasma cloud during 
the first 700 nanoseconds of development. The camera was triggered 
by the t^^ triggering mechanism of the Korad K- 1 power supply 
which occurred approximately 350 nanoseconds before the K-Dl 
photodiode triggered. The t^^ signal was then electronically delayed 
by a Tektronix 7704 oscilloscope delay triggering circuit to allow 
for a consecutive series of time dependent plasma shots. The camera 
was operated in the framing mode with 75 x 10^ frames per second. 

In order to obtain the necessary details all shots were done in the 
five frames per picture mode such that each frame contained the 
information of 8 nsec exposure separated by 13. 3 nsec from the 
next frame. 
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The alignment of the whole system was checked daily with the 
helium neon laser. The delay mirror system had to be checked 
frequently during the experimental runs in order to get a reference 
beam of optimal strength. The alignment of the pressure cell was 
less critical due to the rigid mounting table employed. It was there- 
fore found to be sufficient to check the optical axis of the pressure 
cell every other day with the help of hole masks that could be fitted 
into the entrance and exit windows. 

Intensities of both the cell and the reference beam were matched 
to the same signal height on the oscilloscope by neutral density filters 
and infrared absorption filters behind the pressure cell. These filters 
were carefully selected for a constant absorption percentage in the 
spectral region of interest. This matching of the signal strength of 
both beams allowed the observation of both signals on the Tektronix 
7904 scope at the same time. Pictures from the scope were taken 
with a Polaroid camera providing instant read-outs. 
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IV. DATA 



The data in this study were taken in two areas of interest: the 

spectral distribution of the forward scattered light and the time depend- 
ent development of the hydrogen plasma inside the cell. The spectral 

distribution of the forward scattered light was obtained by scanning 

o 

the wavelength region between 10, 300 and 10, 900 Angstroms. It was 

discovered that the laser used did not only transmit at the wavelength 

o 

for neodymium glass lasers, 10, 640 A , but also at a second wavelength 

th ° 

with a reduced intensity of 1/200 of the intensity at 10, 640 A . This 

wavelength was measured through the whole pressure range from 

o 

20 millitorrs to ten atmospheres as 10,470 A. It is believed to be 
caused by impurities in the laser rod used. Reference 18 lists a 
wavelength of this order for a Nd-CaF^ laser. Since the intensity of 
this line was so small compared to the central line it has not been 
plotted. 

Since the neodymium laser was used in the pulsed mode, every 
laser shot had to be checked if it created the same conditions for 
plasma development. It was found that the observation of the time 
difference between the cell pulse and the reference pulse was a useful 
criterion to sort out n bad shots'*. These n bad shots** were believed 
to be caused by erratic absorption which might have been due to 
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anomalous absorption or a delay in the onset of breakdown. Since 
the pressure stayed the same it was not easy to see how the collisional 
absorption rate could change by a factor of up to seven. An explanation 
for this behavior has yet to be found. 

In Figure 2b the time difference between the occurrence of the 
laser peak pulses at different pressures is plotted. The reference 
time (t=0) for this diagram is the occurrence of the cell beam peak at 
a pressure of 20 millitorrs (see Fig. 2a). It was assumed that at this 
low pressure no absorption could take place inside the pressure cell. 
This was checked by a photodetector (see Ref. 11) and by the use of 
laser footprint burn pattern paper in front of and behind the pressure 
cell at 20 millitorrs pressure. Since the burn patterns exhibited the 
same intensity for the same energy in the laser pulse this assumption 
appears valid. 

As seen in Figure 2b, with increasing pressure absorption set 
in at an earlier time with respec 1 to the pulse maximum at 20 mTorr. 
At the moment of breakdown absorption reduces the transmitted laser 
light. Hence,, the apparent peak of the transmitted pulse occurs 
shortly after breakdown. This peak is considerably smaller than the 
original pulse maximum. The time of occurrence of the peak in the 
transmitted light came earlier with increasing pressure, from -8 nsec 
at one atmosphere pressure to -20 nsec at three atmospheres. A 
further increase in pressure showed no additional time change and 
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thus the onset of absorption from three to ten atmospheres pressure 
was constant at “ 20 nanoseconds before the vacuum pulse maximum 
would have occurred. This time dependence of the onset of absorp- 
tion was always checked by the occurrence of the maximum of the 
reference pulse which traveled through air around the cell. Since 
breakdown did not take place due to the smaller amount of energy 
contained in this pulse and the mirror losses during the reflections, 
the occurrence of this pulse was fixed as a reference timemark 
on the signal traces displayed by the oscilloscope. This timemark 
was also chosen to allow for a time jitter in the trigger circuit. 

Since both signals were traced on the scope using the same trigger 
signal these errors could be eliminated. The time difference be- 
tween both, the reference and the cell beam, increased with pressure 
in the display on the oscilloscope from 87 for the vacuum shot to 
107 nanoseconds at ten atmospheres. Figure 2b was constructed 
subtracting the time difference of 87 nsec for the vacuum shot from 
the time difference of the shots at higher pressures. 

Another criterion was the ratio of the signal height of the cell 
beam to the reference beam. Although the signals of both pulses 
were set at an equal height at a fixed wavelength, it was found that 
some shots at the same pressure and wavelength setting produced 
large variations in this ratio. Since always at least three shots 
were taken at the same settings it was possible to sort out n bad 
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shots n with an abnormally large or small ratio. This ratio of the 
cell beam to the reference beam did not exhibit a wavelength or 
energy dependence. It could therefore only be used for the same 
pressure and wavelength setting. The fact that pulses of different 
ratios occurred could only be explained by the assumption of 
different conditions in the plasma formation. It was observed that 
laser shots did not always have the same halfwidth time because the 
laser profile obtained frequently during experimental runs exhibited 
halfwidth times between 20 and 30 nanoseconds. Since the onset of 
absorption depended on a certain laser power threshold and probably 
the presence of some electrons in the focal volume the breakdown may 
have occurred at different times during the laser pulse. Thus shots 
with quite different ratios between the cell beam and the reference 
beam had to be discounted because they did not represent the same 
plasma conditions due to either anomalous heating effects in the 
plasma or reflection of the light. The actual cause for these erratic 
shots has not yet been determined. It was believed, however, that 
these two criteria allowed a good judgement for the admission of 
subsequent shots that reproduced the same plasma conditions. 

In order to get information about the wavelength dependence of 

absorption, a series of laser shots was made at three different wave- 

o o o 

length settings, 10, 614 A, 10, 636 A, and 10, 658 A. These wave- 

o 

length settings represented the central laser line at 10, 636 A and 
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o 

two wavelengths 22 A from the central laser line to both sides. The 
pressure was varied from 20 millitorrs to 8. 1 atmospheres in steps 
of 1. 02 atmospheres which is equivalent to 15 psi on the laboratory 
gauge used. The resulting data are displayed in Figure 3. 

It can be seen that the fractional absorption is about the same 
for the two sidelines. The center line, however, exhibited a smaller 
fractional absorption in the regime of lower pressures up to three 
atmospheres. It is believed that the stronger intensity of the center 
laser line which has been measured to be approximately 20 times 
stronger than the sidelines caused this effect. Another explanation 
could be that the percentage of the forward scattered light peaks 
around the central laser line while for larger or smaller wavelengths 
the amount of the side-scattered light is increased. This can only 
be shown in a spectral analysis of the side- s cattered light. It was 
therefore decided to look at this spectral distribution in a future study. 

This frequency dependent absorption should cause a steeper 
slope in the spectral distribution of the cell beam when breakdown 
occurred in the pressure cell. The dependence of the onset of 
breakdown on pressure was shown in a previous study by Jim Carlisle 
[Ref. 11]. He found that breakdown occurred for the laser power 
densities used in this study if the pressure in the cell exceeded a 
value of 13. 8 psia which is equivalent to 0. 94 atmospheres. It 
can indeed be shown in Figures 5 to 8 that this is the case. The 
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reference beam which is plotted in these diagrams with an interrupted 
line exhibits a much broader pulse shape than the cell beam plotted 
above. 

The spectral profiles in Figures 4 to 8 had to be normalized 
to allow a comparison of subsequent laser shots because the energy 
in each shot could not be held constant. The energy monitored by 
the K-Dl photodiode varied between 3 and 6 Joules per shot. It is 
proportional to the photon flux that reaches the UDT PIN 10 photo- 
diode at the exit slit of the spectrograph. Thus a linear dependence 
of the signal strength from the PIN 10 diode to the energy output of 
the laser could be assumed. All pulses were thus normalized to the 
equivalent of a one Joule laser pulse. 

The spectral profiles of the forward scattered laser light were 
obtained at different pressures ranging from 20 millitorrs to 9. 16 
atmospheres (134.7 psia). All profiles are given in arbitrary 
intensity units since it was necessary to use different filters to 
reduce the intensity of the forward scattered light in order to prevent 
damage to the spectrograph and the photodiode. The relation between 
the absolute intensity and the reduced intensity at the photodiode was 
determined by the transmission curves of the filters used and by direct 
measurement in the case of Figures 4 and 5 where slits have been 
used at a fixed wavelength outside the maximum intensity line. The 
wavelength was predialed depending on the wavelength region observed 
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o o 

at steps from 34 A at the tails decreasing to 3.4 A around the peak of 

the spectral distribution. Frequent checks at intermediate settings 
o 

down to 0. 34 A showed no additional information and thus confirmed 
the validity of this approach. 

The spectral profiles of Figures 4 to 8 showed that the forward 
scattered light varied only in absolute intensity due to the pressure 
dependent absorption. A wavelength shift as has been suggested 
in a previous work where no spectral resolution of the forward 
scattered light was possible [Ref. 11] could not be found. This can 
be observed clearly from the coincidence of the maxima in the spectral 
distribution of both the reference and the cell beam in figures 5 to 8. 
Although spectral distributions of the forward scattered light were 
obtained for many more pressure settings in steps of 0. 68 atmospheres 
it was decided to display only selected spectral distributions in Fig- 
ures 4 to 8. 

The suggested frequency shift that could not be found in this 

study can be explained by Figure 4. In this diagram the spectral 

distribution of a series of vacuum shots is contrasted to the spectral 

distribution of a series of vacuum shots viewed through a 1. 06 micro- 

o 

meter filter with a halfwidth of 35 A. Since the center laser line has 

o 

been determined in this study to be at 10, 636 A which is the published 
value for a neodymium glass laser [ Ref. 18] the maximum in the dis- 
tribution viewed through the filter should be shifted to the left towards 
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a shorter wavelength with respect to the unfiltered distribution. This 

is indeed what is observed in Figure 4. 

The high speed image converter camera Imacon 600 was used 

in the frame mode with five frames per laser shot. The time separation 

of the frames was 13.33 nsec, calculated from the framing unit constant 
7 

of 7. 5 x 10 frames per second. Thus it was possible to measure the 
generation and dynamics of the plasma during the laser pulse. Due to 
the delay circuit of the oscilloscope the time of arrival at the center of 
the pressure cell could be determined with nanosecond accuracy. Band 
pass filters, long pass filters, and neutral density filters had to be 
used in order to reduce the intensity of the side-scattered light. The 
initial stage of the plasma development during the laser pulse is shown 
in Figure 9a. With the laser impinging from the right, isolated plasma 
blobs are formed from the moment the laser light reaches the focal 
volume. These plasma blobs could only be observed when the laser 
light was on. Therefore it is believed that what is observed is laser 
light scattered at an angle of 90 degrees by the plasma blobs. How- 
ever, when viewed through the narrow band 1. 06 micrometer filter 

(Figure 4), no light could be observed. On the other hand, with a 

o 

high pass filter with cutoff at 7, 800 A the scattered light could again 

be observed. Therefore it appears the wavelength of the observed 

o 

scattered light has to be longer than 7, 800 A but not precisely 
o 

10, 600 A . The exact wavelength of this light has not been measured 
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due to a lack of appropriate narrow band pass filters. It was observed 

that the plasma blobs viewed through the high pass filter were only 

visible as long as the laser light was on. They were visible, however, 

after laser shutoff in other wavelength regions. 

For a pressure above three atmospheres absorption sets in 

20 nanoseconds before the laser pulse reaches its peak (Figure 2a). 

Thus it should be expected to have absorption taking place over a time 

span of 40 nsec. This has indeed been observed (Figure 9b). The 

side-scattered light coincided with the duration of the laser pulse and 

ceased after 40 nsec. The velocity of the breakdown region in the 

upstream motion toward the laser beam was found to range from 
4 5 

1. 25 x 10 m/sec to 1. 5 x 10 m/sec. This is in agreement with 

data published in the current literature [Ref. 14]. The diameter of 

the blobs was measured to be from 0. 05 to 0. 1 mm. Compared to the 

focal spot diameter of 0. 09 mm this may be taken as evidence for the 

occurrence of self-focusing effects in the plasma. A plasma blob 

created 4 mm in front of the focal spot should have a radial extension 

of 1. 4 mm after a path of the breakdown region of 4 mm in 40 nsec at 
5 

a velocity of 10 m/sec. Actually the size is considerably smaller, 
namely 0. 05 mm from Figure 9b. Thus it is believed that self- 
focusing effects in the plasma confined the blobs to a size an order of 
magnitude smaller than expected. 

Some photos seem to indicate two filaments in front (Figure 10b). 
From Figure 10a it is seen that the propagation of the plasma is faster 
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in the longitudinal direction than in the radial direction. Speeds of 
4 4 

4 . 17 x 10 m/sec and 1. 25 x 10 m/sec are measured in the longi- 
tudinal and radial direction respectively. This gives rise to the 
characteristic shape of the developing plasma in Figure 11a. 

With the help of the delay circuitry the plasma light could be 
photographed over a wide time range. For about 800 nsec the plasma 
emitted light was observable and became more and more diffuse in 
shape as time went on. In order to gain more insight into the structure 
of the expanding plasma different filters had to be used. The prom- 
inent emission line of hydrogen is the H Q line. A filter for this wave- 
length revealed that the main light from the plasma is indeed in this 
wavelength region (Figure lib). This showed furthermore that the 
plasma light is more evenly distributed along the laser axis in 
comparison with Figure 11a where without filters all visible wave- 
lengths of the emitted light are present. Thus high speed photography 
provided a powerful tool for the analysis of the plasma properties. 
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V. RECOMMENDATION 



During the study it became obvious that many laser shots had to 
be taken at the same wavelength and pressure settings because not all 
of the shots reproduced the same plasma conditions. Although the 
criteria of the onset time of absorption and the ratio between the cell 
beam and reference beam intensities proved to be useful to sort out 
"bad shots", it was strongly felt that a recording means for the whole 
spectral distribution of a single laser shot was desirable. Since the 
photographic technique is hampered around the neodymium laser line 
by the cutoff wavelength of about 950 nm for commercially available 
photographic emulsions, it is recommended to obtain the spectral 
profile by using a laser in the visible regime. Such a laser is 
available in the same high power configuration with a pulsed ruby 
laser. 

It is further recommended to study the spectral distribution of 
the side-scattered light with a reconstructed pressure cell especially 
for this purpose. This cell should allow the measurement at different 
angles from the laser beam axis in order to get a better insight into 
the dynamics of the expanding plasma. 

It is also of great value to observe the self-focusing effect with 
focusing lenses of shorter focal length, for Alcock [Ref. 14] has 
observed less plasma blobs with a Z. 5 cm focal length lens. The 
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structure of the plasma blobs could be made more clear by using 
optical systems on the camera that enhance the magnification. 

It is finally suggested to use magnetic probes in order to inves- 
tigate the self- generated magnetic field of the plasma. The reproduc- 
ibility of the plasma generation could be improved by preionizing the 
gas. This seeding of the gas with electrons may also provide a better 
onset of breakdown and help to avoid "bad shots". 
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Intensity - Arbitrary Units 



Laser Profile 



a. Halfwidth of Vacuum Pulse 

b. Time of Production of Plasma Blobs 

c. Pulse as Detected by PIN 10 




Time - Nanoseconds 
Figure 2a 




Figure 2b 
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Figure 9a 
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Figure 10a 
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Figure 10 b 
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